Abstract -The odoriferous species Lippia sidoides Cham. is abundant in the Brazilian Northeast. Its essential oil possesses antiseptic activity due to the presence of thymol. In this work, thermodynamic and kinetic data were experimentally determined for the CO 2 + L. sidoides system. Solubility was determined using the dynamic method at pressures of 66.7 and 78.5 bar and temperatures of 283.15, 288.15, 293.15, 295.15, and 298.15 K. SFE kinetic data were obtained at 288.15 K and 66.7 bar. The composition of the multicomponent solute mixture was determined by GC-MS and compared to the composition of both the volatile oil obtained by steam distillation and the oleoresin obtained using ethanol. The SFE process yield was higher than the yield of either the steam distillation or the ethanol extraction. The solubilities were correlated using the PengRobinson equation of state with one binary interaction parameter for the attractive term, considering the essential oil as a pseudo-component. Sovová's model quantitatively described the overall extraction curve.
INTRODUCTION
The world energy crisis and the interest in pure natural products contribute to the feasibility of the process of extraction of natural products using pressurized carbon dioxide (CO 2 ) either near the critical point or at supercritical conditions. This technique has also been diffused industrially, especially in the fields of foods, perfumes and medicines (McHugh and Krukonis, 1986) . Extraction using pressurized fluids (SFE) generally does not require removal of the solvent either in the product or in the residual solid (Brunner, 1994) .
The Brazilian Northeast has a very rich flora with a variety of indigenous species. Lippia sidoides Cham., a plant of the verbenaceae family, is a bush with a brittle stem and odoriferous leaves. Its major component is thymol, a potent antiseptic of the phenol group. Thymol has strong antimicrobial action against bacteria and fungi and is responsible for the characteristic smell of L. sidoides (Matos, 1989; Matos, 1998) . The antimicrobial activity of L. sidoides oil was assessed by Lemos et al. (1990) . In Brazil, the popular name of L. sidoides is "Alecrim Pimenta."
In this work, experimental results for SFE extraction of L. sidoides essential oil using near critical CO 2 are presented. The thermodynamic and kinetic aspects of the SFE process were studied using an SFE unit containing a fixed bed cell at temperatures of 283.15, 288.15, 293.15, 295.15, and 298 .15 K and pressures of 66.7 and 78.5 bar. Solubility data for the pseudo-ternary system, CO 2 + essential oil (multi-component mixture) + cellulosic structure, was measured using the dynamic method (McHugh and Krukonis, 1986) .
MATERIALS AND METHODS

Raw Material Characterization and Preparation
The L. sidoides was from Mossoró (State of Rio Grande do Norte, Brazil). The leaves were dried naturally in the shade. After harvesting, the raw material was cleaned, conditioned in plastic bags under vacuum, and stored in a domestic freezer (Consul, model 280, Brazil) . The humidity of the leaves was determined using the xylol distillation method (Jacobs, 1958) as recommended for odoriferous plants. For each experimental run the frozen raw material was triturated in a domestic food processor (ARNO, model PRO, Brazil) for 15 seconds. Afterwards, the triturated solid was sifted using a shaker with sieves of the Tyler series (Produtest, no. 3614) for 15 minutes. The particle size distribution adopted for the extraction experiments was a mixture composed of 50% particles of -28/ +35 mesh, 25% of -35/ +48 mesh, and 25% of -20/ +28 mesh in mass percentage.
Characterization of the Particles and of the Fixed Bed
The true density of the triturated leaves was determined by helium pycnometry at the Chemical Facilities of the Chemistry Institute -IQ/Unicamp. The apparent bed density was calculated using the mass of solid loaded into the fixed bed cell and the cell's volume. The porosity of the bed plus the particles was calculated using the true and the apparent densities.
SFE Experimental Equipment and Procedure
The device used for the SFE experiments is shown in Figure 1 . For each load about 120 g of L. sidoides were used to form the fixed bed. The material was weighed and placed inside of the equilibrium cell with the aid of a funnel and compressed with the help of a stem in order to achieve a complete and uniform accommodation of the bed.
Initially stabilization of the system was achieved by regulating it to operate at the desired temperature and pressure. Once these conditions were attained, the experimental run was begun by opening the valve placed before the equilibrium cell after having opened the downstream valves. Timing was begun at the appearance of the first drop of oil in the collector flask placed just after the micrometering valve. The flow rate of CO 2 , both in the totalizer and in the bubblemeter, was recorded at a one-minute interval. Samples were collected at predetermined time intervals. The collector flasks were closed and stored in the freezer for subsequent analysis. The assays were performed at pressures of 66.7 and 78.5 bar and temperatures of 283.15, 288.15, 293.15, 295.15, and 298.15K . The solvent flow rate varied from 0.62×10 -5 to 3.16×10
-5 kg/s.
Steam Distillation and Ethanol Extraction
The essential oil from L. sidoides was obtained by steam distillation using the following procedure: 60 g of triturated L. sidoides particles (average diameter of 0.334×10 -3 m) were placed inside a Mariote tube and connected to a homemade boiler. After the vapor phase flowed through the condenser, the essential oil and the water mixture were separated. The yield was calculated as the ratio between the mass of oil and the mass of feed.
The oleoresin from L. sidoides was obtained using ethanol (MERCK, 99.8%) and Povh's procedure (2000) : 30 g of triturated L. sidoides plus 180 mL of ethanol were placed inside an Erlenmeyer (250 mL), covered with rubber corks, weighed and kept under agitation (190 rpm) for 8 hours in a refrigerated incubator (Tecnal, Brazil) at 15 o C. Afterwards, the mixture was vacuum filtered. The micelle (solvent + oleoresin) was placed in a dark flask, covered, weighed, and kept under refrigeration for 24 hours. The oleoresin was quantified gravimetrically (Spricigo, 1998 , cited by Povh, 2000 : 20 mL of the filtered micelle was weighed using an analytical scale (AND-HR-120, Japan) in Petri plates and allowed to rest for 48 hours in a room with the air conditioning set at 18ºC. The amount of solvent evaporated was then determined. The Petri plates were taken to an oven with air circulation (Marconi, model MA035, Brazil) and temperature set at 165 o C for 6 hours. Afterwards, the plates were allowed to cool in a desiccator (30 minutes) and weighed. The Petri plates were returned to the oven for additional periods of 30 minutes up to constant mass. 
Characterization of the Extracts from L. Sidoides (a) Chemical Composition of the Extracts
The chemical composition of the L. sidoides extracts was determined using a gas chromatographer coupled to a mass spectrometer system (GC-MS, Shimadzu, model QP 5000, Japan) equipped with a capillary column DB-5 (30m × 0.25 mm × 0.25µm). The carrier gas was helium (99.99% purity, White Martins Gases Industriais, 1.0 mL/min. and Stauffer, 1989) , and iii) the retention index (Adams, 1995) .
(b) Density of the Extracts
The density of the L. sidoides extracts was measured using a digital densimeter (Anton Paar, model DMA 602, Austria) at atmospheric pressure and temperatures of 283.15, 288.15, 293.15, 298.15, 303.15, and 308 .15 K.
Calculation Procedures
Using the experimental data, the overall extraction curves were fitted to a spline using two straight lines. The first line was identified with the constant extraction rate period (CER). The rate of mass transfer for the CER period (M CER ) as well as the time corresponding to the interception of the two lines (t CER ) was computed from the spline. The spline was fitted using multiple-regression analysis (STATISTICA 5.0) . MS Excel 97 was used to determine the interception of the two lines. The mass ratio of solute in the supercritical phase at the equilibrium cell outlet (Y CER ) was obtained by dividing M CER by the mean solvent flow rate for the CER period.
RESULTS AND DISCUSSION
Solubility
The humidity of the L. sidoides was 9.9% (wet basis). The solid density was 1444 kg/m 3 , the apparent density was 546 kg/m 3 , and the mean particle diameter was 0.375×10 -3 m, resulting in a total porosity (bed + particles) of 0.62.
Typical overall extraction curves were obtained under all experimental conditions. These curves are characterized by three distinguishble regions or periods: (i) the constant extraction rate period (CER), where the solid particles can be viewed as being superficially covered by the solute; (ii) the falling or decreasing rate period (FER), where the solids have flaws in the superficial solute layer; and (iii) the diffusion controlled rate period (DCR) of an almost null rate of mass transfer, where the solute at the solid surface is exhausted, and the rate is slow due to the low diffusivity of the solute in solids. In the CER period the solute is extracted essentially by convection. In the second period the solute is extracted by both convection and diffusion. This is a transition period, caused by the exhaustion of the continuous layer of solute on the surface of the particles. Thus, mass transfer is due to both convection and diffusion. In the third period the diffusion of the solute and of the mixture of solute + solvent in the solid prevails. Figure 2 shows the comparison of the overall extraction curve obtained at 298.15 K, 66.7 bar and 1.50×10
-5 kg/s with the spline fitted using two straight lines. The very last portion of the overall extraction curve, the last three experimental points (measuring time longer than 240 minutes), shows the asymptotic behavior expected for the DCR period. Nonetheless, the transition period starts after about 90 minutes, as shown in Figure 2 . In the spline fitting, the key information is the slope of the first line, which was well defined by the calculation procedure employed, and, in addition, the spline quantitatively described the experimental data. Therefore, the effects of temperature, pressure and solvent flow rate on the overall extraction curves can be assessed using the spline parameters.
The solubility in liquid CO 2 of the essential oil present in L. sidoides was measured by the dynamic method, in which the solvent is saturated by the solute as it flows through the bed of solids at a predetermined constant flow rate. This methodology requires that a set of experiments be done prior to the solubility measurement in order to establish the solvent flow rate at which the solvent leaves the measuring cell under the saturation condition. This is required because at very low solvent flow rates the effects of axial dispersion will interfere with measurement of solubility. At high solvent flow rates, the contact time between the solvent and the solute will be shorter than the time necessary to saturate the solvent, and thus the mass ratio of solute at the fixed bed outlet will be smaller than the saturation value. The solvent flow rate at which saturation occurs is denoted by Q*. In addition, the overall extraction curve should be denoted by the overall saturation curve. In the present work, the search for Q* was performed at a pressure of 66.7 bar and a temperature of 288.15 K. The range of CO 2 flow rates used varied from 0.62×10 -5 to 3.16×10
-5 kg/s. Table 1 reports the results obtained and Figure  3 shows the effect of the flow rate on the mass ratio of solute in the supercritical phase at the measuring cell outlet. For experiments accomplished at extremely low solvent flow rates, the effects of axial dispersion were important, resulting in a smaller value of Y CER . At high solvent flow rates, smaller values of Y CER were obtained due to shorter residence times. Figure 3 shows that solvent flow rates in the vicinity of 1.50×10 -5 kg/s can be used to measure solubility, using the dynamic method for the L. sidoides + CO 2 system. Nonetheless, the effects of temperature and pressure on the hydrodynamics of the measuring cell must be considered: Axial dispersion is proportional to the dispersion coefficient, which is strongly dependent on the hydrodynamics of the equipment. The effects of the thermophysical properties of the solute/solvent mixture depend on the range of temperature and pressure used. In this work, the variation in the thermophysical properties of the solute and the solvent was relatively small due to the narrow interval of both temperature and pressure. Based on this, the solubility for the L. sidoides + CO 2 system was measured at solvent flow rates in the vicinity of 1.50×10
-5 kg/s. Table 2 shows the measured solubility. In the table the amount of solute collected up to the end of the CER period (Yield CER ) along with the total amount of solute collected for the entire measuring time (Yield TOTAL ) is also shown. A comparison of these values with the solubility measured shows that during the entire measuring time the cellulosic structure always contain an amount of solute exceeding that required to saturate the solvent. This is a condition, which is required for use of the dynamic method in contrast to the situation found in other solid fluid processes, such as ethanol extraction, also performed in this work. Due to the strong interaction between the cellulosic structure and the solvent in low-pressure solvent extraction processes, a proportion of approximately 1:10 of solid to solvent is usually necessary. Thus, the solute + solvent mixture will always form a diluted solution, and the extraction rate will be controlled by the mass transfer restrictions. Conversely, SFE rates are controlled by both thermodynamic and mass transfer restrictions.
The effect of temperature on solubility is complex, due to the combination of two variables, density and vapor pressure. The vapor pressure of the solute increases with temperature, causing an elevation in solubility. However, the density of the solvent decreases, thus causing a decrease in solubility. The dominant effect will depend on the magnitude of each effect on the others for each system. Higher solubility values were obtained at 66.7 bar in the range of 288.15 to 293.15 K. Therefore, the increase in the solubility for this range of temperatures should mainly be the consequence of the increase in the vapor pressure of the solute, which must have overcome the effect of lowering the solvent density. For essential oils the vapor pressure is low; however, small changes in temperature can cause significant changes in solubility. For example, a five-degrees increase in the temperature (from 288.15 K to 293.15 K) at 66.7 bar caused an increase in solubility of 14%. However, the same increase in temperature, but from 293.15 K to 298.15 K, resulted in a reduction in solubility of 42%. Therefore, in the first case the dominant effect was solute vapor pressure, while in the second it was density. The effects of both temperature and pressure on solubility can be better appreciated in Figures 4 and 5. The overall saturation curves at 66.7 bar and various temperatures (Figure 4 ) reflect, as expected, the behavior of solubility, since the slope of each overall saturation curve is directly proportional to solubility (See Section 2.6). Figure 5 graphically represents the effect of pressure on solubility for temperatures of 288.15 K and 293.15 K. The behavior is consistent with the literature on solid-fluid equilibria (Kurnik and Reid, 1981) . 
Compositions of the Essential Oil and Oleoresin
The total yields obtained in the SFE process ranged from 2.12 to 3.29% (Table 2) , while the ethanol extraction resulted in a comparably lower yield (2.0%). The steam distillation process unexpectedly had a higher yield (2.4%) than the ethanol extraction process, but a lower one than that usually reported for the SFE process (Povh et al., 2001) . Table 3 shows the composition of the total SFE extract obtained at 66.7 bar and 288.15 K. The compositions for the volatile oil and oleoresin are also shown in the table. In the three types of extract, monoterpenic substances such as thymol 1,8-cineole and carvacrol predominated. These last two substances are widely used by the pharmaceutical industries: 1,8-cineole, also known as eucalyptol, is used to impart flavor to various medicines, while carvacrol is employed as an anti-infection and anthelmintic agent (Windholz, 1996) .
Although thymol is the major substance present in all the extracts, the relative proportion of this compound is considerably lower in the steam distillations extract than in the other two. Conversely, the total amount of monoterpenes was approximately equal in the CO 2 (73.77%) and steam distillation (70.94%) extracts and was considerably higher in the ethanolic extract (85.39%). For the sesquiterpene class, the relative proportions of these compounds were similar for the CO 2 (20.94%) and the steam distillation (19.72%) extracts and significatively lower for the ethanol extract (5.51%). The most abundant sesquiterpene was transcaryophyllene for the steam and CO 2 processes while α-humulene was the most abundant one for the ethanol extraction process. The extracts also contained small amounts of eugenol, a substance that belongs to the class of phenylpropenes. 
Thermodynamic Modeling of the Solubility
As described in the previous section, the essential oil of L. sidoides is a multicomponent mixture formed by substances from various chemical classes. The thermophysical properties of the majority of these substances are not available. Nonetheless, for design purposes knowledge of solubility as a function of the operating conditions is required, so we should develop models to describe the behavior of solubility as a function of temperature and pressure. Since, in general, the SFE system will be designed using overall extraction curves -and consequently using the properties of the extract mixture -for the thermodynamic modeling of solubility, the oil was assumed a pseudopure component or pseudocomponent. The required thermophysical properties of the solute were evaluated using the composition shown in Table 3 .
There, the composition is reported as the relative proportion or the area percent of the substances detected by the CGMS system. Despite the fact that the response factor of the various compounds may be different, as a first approximation the area percent was taken as the mass fraction of the compounds in the mixture. The required properties of each substance were either obtained from available experimental data (Daubert and Danner, 1995) or calculated using group contribution methods (Reid et al., 1987) . Afterwards, Kay's rule (1936) was used, in terms of molar fraction, for the characterization of each property (M) of the pseudocomponent oil:
For the normal boiling point (T b ), critical temperature (T c ), critical pressure (P c ) and critical volume (V c ), the Joback's group contribution method (Reid et al., 1987) was used. The vapor pressures were calculated using Wagner's equation as modified by Vetere (1991) . The acentric factor for each component was calculated using the following equation (Edmister and Lee, 1983) :
The thermophysical properties of α-pinene, α-terpinene, para-cimene, and γ-terpinene are from DIPPR (Daubert & Danner, 1995) . For the other substances, the selection of the group contribution method was based on ability of the method to reproduce the experimental data for other substances found in the literature (Daubert and Danner, 1995) . Table 4 shows the critical and physical properties of the compounds present in the L. sidoides essential oil and its pseudocharacterization using Kay's rule.
The molar volume of the essential oil was estimated using the experimental density data on the SFE extract ( Figure 6 ) and the average molecular mass. The measured densities varied linearly with temperature for the range of conditions studied.
At constant temperature and pressure, the equilibrium equation for the essential oil (1) and CO 2 (2) system is given by the equality of the fugacities in the solid substratum and fluid phases.
( )
Superscripts S and F refer to the solid substratum and the fluid (liquid, gaseous or supercritical phases) and x i and y i , correspond to the molar fraction in these phases, respectively. Considering that the solid substratum phase consists of an inert matrix (cellulosic structure) where the solute (pure essential oil designated by index 1) is dissolved, we have x 1 = 1 and
Equation (4) expresses the solubility of the oil in the fluid phase. Since it is well known that the interaction between the solute and the inert matrix or cellulosic structure cannot be neglected, the use of Equation (4) implies acceptance that this effect will be lumped together in the binary interaction parameter used to calculate the fugacity coefficient.
In order to calculate the fugacity coefficient, the Peng and Robinson (1976) equation of state was applied, using one binary adjusted parameter for the attractive term, with the following mixing rules: Figure 7 shows a comparison of experimental and calculated solubility values. The calculations were done using Sandler's routines (1999) . The experimental data was satisfactorily represented by the model, resulting in an average deviation of less than 10%, using estimated interaction parameter (k 12 ) for oil-CO 2 equal to 0.244. This indicates that for designing purposes the procedure just described for the modeling of solubility will prove to be useful. (Daubert and Danner, 1995) ; e Pseudocharacterization using Kay's rule (see equation (2) 
Modeling of the Extraction Curve
To demonstrate the usefulness of the solubility values measured in this work, the overall extraction curve obtained at 66.7 bar, 288.15 K, and 3.16×10 5 kg/s was fitted to Sovová´s model. Various models have been proposed in the literature to describe the extraction behavior of oils in supercritical and near critical fluids (Tezel and Hortaçsu., 2000 , Esquivel et al., 1999 and Reis-Vasco et al., 2000 . However, Lack's extended model discussed by Sovová (1994) , Sovová's model, offers the advantage of providing a simple analytical solution to describe the mass balance and give a good physical description of the process. Sovová's model assumes pseudo-steady state, plug flow, and that temperature, pressure, and solvent velocity are kept constant throughout the extraction. In addition, the bed is considered homogeneous with respect to the solute and particle size distributions. The overall extraction curves are represented by the following equations (Pasquel et al., 2000) : 
For the FER period,
where m ext is the mass of extract (kg), N is the mass of inert solid (kg), Y* is the solubility of the extract in the solvent (kg/kg), X k is the solute mass ratio for the unruptured cells in the solid phase, X p is the solute mass ratio for the easily accessible solute also in the solid phase, and X 0 is the initial and solute mass ratio in the solid phase. Z = (N.k Ya .ρ CO2 )/(Q CO2 . (1-ε) .ρ s ), where k Ya is the fluid-phase mass transfer coefficient (s -1 ),. ρ CO2 is the solvent density (kg/m 3 ), Q CO2 is the solvent flow rate (kg/s), ε is the bed + particles porosity, and ρ s is the inert solid density (kg/m 3 ). W = (N.k Xa )/(Q CO2 .
(1-ε)), where k Xa is the solid-phase mass transfer coefficient (s -1 ). () overall extraction curve at 288.15 K, 66.7 bar, and 3.16×10 -5 kg/s.
CONCLUSIONS
The use of liquid carbon dioxide at near critical conditions proved to be adequate to extract the essential oil from L. sidoides leaves. For the experimental setup used, the solvent flow rate which proved adequate for the solubility measurements was in the vicinity of 1.50×10
-5 kg/s. The SFE process produced higher yields (3.3%) than both steam distillation (2.4%) and ethanol extraction (2.0%), but the chemical profiles of the extracts were all similar. The thermodynamic method used to estimate solubility satisfactorily described the system. Similarly, the extended Lack model, as presented by Sovová (1994) , quantitatively described the overall extraction curve.
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